Whole-genome sequence data from samples of natural populations provide fertile grounds for analyses of intraspecific variation and tests of population genetic theory. We show that the urochordate Ciona savignyi, one of the species of ocean-dwelling broadcast spawners commonly known as sea squirts, exhibits the highest rates of single-nucleotide and structural polymorphism ever comprehensively quantified in a multicellular organism. We demonstrate that the cause for the extreme heterozygosity is a large effective population size, and, consistent with prediction by the neutral theory, we find evidence of strong purifying selection. These results constitute in-depth insight into the dynamics of highly polymorphic genomes and provide important empirical support of population genetic theory as it pertains to population size, heterozygosity, and natural selection.
Whole-genome sequence data from samples of natural populations provide fertile grounds for analyses of intraspecific variation and tests of population genetic theory. We show that the urochordate Ciona savignyi, one of the species of ocean-dwelling broadcast spawners commonly known as sea squirts, exhibits the highest rates of single-nucleotide and structural polymorphism ever comprehensively quantified in a multicellular organism. We demonstrate that the cause for the extreme heterozygosity is a large effective population size, and, consistent with prediction by the neutral theory, we find evidence of strong purifying selection. These results constitute in-depth insight into the dynamics of highly polymorphic genomes and provide important empirical support of population genetic theory as it pertains to population size, heterozygosity, and natural selection.
ciona ͉ genome ͉ heterozygosity ͉ population size T here is increasing evidence that many animal species exhibit high levels of heterozygosity (1) (2) (3) (4) , which, according to the Neutral Theory, should be caused by elevated mutation rates or large effective population sizes (5) . Large population size is, therefore, a candidate cause of elevated genetic variation. Indeed, correlations between effective population size and heterozygosity have been reported in many species, first from allozyme studies and more recently from resequencing of limited numbers of loci (6, 7) . A related prediction of the Neutral Theory states that natural selection should be stronger in large populations than in smaller ones. To our knowledge, this important prediction has not been tested for lack of large-scale variation data from natural populations with large effective population sizes. We here comprehensively test the Neutral Theory's predicted relationship between population size, heterozygosity, and strength of selection. The subject of our study is the completed genome sequence of a single wild adult individual of Ciona savignyi, supplemented with limited sequence data from seven additional unrelated individuals (8) .
For Ciona spp, a high rate of heterozygosity was reported in the initial publications of the C. savignyi (8) and C. intestinalis (3) genome sequences. However, genomewide quantification and characterization of variation were not conducted in either study. The assembly methodology used by the C. intestinalis project merged allelic sequences such that heterozygosity in the sequenced individual was severely underestimated, and analysis of variation in C. savignyi was confined to seven regions of the genome that totaled Ϸ200 kb. The results we report here, which are based on analyses of the entire genome, confirm and extend the initial estimates of heterozygosity in C. savignyi. In addition, we address a broader spectrum of variation that includes large structural polymorphism, mobile element activity, microinsertions and microdeletions, and single nucleotide polymorphism.
Our analyses of heterozygosity, population size, and selection were made possible by the unique nature of the initial genome assembly of the sequenced individual, in which allelic sequences from the sister chromosomes were forced to assemble into separate scaffolds (8) . The initial assembly thus contained two copies of each genomic region, but no information as to which scaffolds were allelic. To quantify heterozygosity, we constructed a semiautomatic alignment pipeline that produced a tiling path of allelic scaffolds, and then ordered and aligned them while eliminating detectable contig-level assembly errors [see supporting information (SI) Text]. This process resulted in 374 pairwise alignments, the largest 100 of which contained 88% of the genome. The approximate size of the C. savignyi haploid genome (''haplome'') estimated from the alignments is 174 Mb.
Results
The C. savignyi Genome Exhibits Extreme Inversion, Insertion/Deletion, and SNP Heterozygosity. To determine the rates of multiple types of polymorphism, and whether there are unusual patterns in the underlying mutational spectrum, we quantified patterns and frequencies of those types of allelic differences that could be reliably inferred from the haplome alignment (see SI Text). After elimination of sequence aligned to assembly breaks, 142.6 Mb per haplome was available for analysis of allelic differences (Table 1) .
At least 1.96% of the bases in the genome are in inversions of size 1 kb or more (Table 1 ). This figure is Ϸ10-fold higher than in humans (9) , but comparable to the inversion rate seen between human and baboon, as estimated from alignments of the Encode regions. The size distribution is expectedly skewed, with a few large events accounting for the majority of inverted sequence and small inversions accounting for the majority of events ( Fig. 1A ).
An enormous amount of DNA, 23.7 Mb per haplome or 16.6%, is haplome-specific due to polymorphic insertions or deletions (indels; Table 1 ). There are 1,033,225 indel events between the two haplomes that have an N50 size of 574 bases. The indel size distribution exhibits a highly nonrandom pattern of peaks at lengths suggestive of specific mobile element classes ( Fig. 1 B and C) . If these indels are indeed indicative of ongoing mobile element activity, the majority of long indels should be aligned to mobile elements. This is, in fact, the case for 76% of all indel events Ͼ100 bp ( Table 1 and Fig. 1 B and C) . We estimate that mobile element activity accounts for 78% of haplome-specific DNA, but for a minority of indel events.
The vast majority of indel events are of size 1-10 bp (microindels; Table 1 ). The relative size distribution of microindels is extraordinarily similar to that inferred from a comparison of the rat and mouse genomes (10) and to that seen within the human genome (11) , with 43% being single-base indels and having an exponential fall-off of frequency with increasing size (Fig. 1D ). The remarkable congruence of the size distributions underscores the conservation of the molecular processes that generate microindels in animal genomes. The genomewide average SNP heterozygosity is 4.5% (Table 1) , a figure that is in agreement with the previous study of 220 kb of finished sequence from the sequenced individual (8) . This extreme degree of SNP heterozy- gosity is precisely confirmed in finished BAC sequence from seven unrelated individuals, underscoring that the sequenced individual is not an outlier that happens to be unusually polymorphic. Nucleotide diversity in 4-fold degenerate (4D) sites is an unprecedented 8.0% (SI Table 2 ). Assuming that 4D sites reflect the neutral diversity in the population, the level of single-nucleotide polymorphism in C. savignyi is approximately two percentage points higher than the neutral divergence between human and Old World monkeys (12) . The mutational spectrum of SNPs is not unusual, as the transition/transversion rate ratio of 2.45 (SI Table 3 ) is similar in other species that, like Ciona, do not exhibit a substantial bias against CpG dinucleotides (1). In summary, the C. savignyi genome bears extremely high rates of several types of polymorphism that exhibit standard characteristics.
Because of their high rates, SNPs and microindel polymorphisms lent themselves to high-resolution analysis of the distribution of heterozygosity within the C. savignyi genome (Fig. 2) .
First, the distributions of heterozygosity measured in nonoverlapping windows of 1 kb (SNPs) and 5 kb (microindels) are overdispersed compared with those from a randomized alignment (SI Fig. 5 ). Second, we observe a correlation between the frequency of SNPs and microindels across the genome (R 2 ϭ 0.25 in 1-kb windows), which is in contrast to comparisons between distinct species, in which a correlation between SNPs and microindels is not observed (10) . Both phenomena could be caused by structural or functional heterogeneity across the genome or heterogeneity in the time to coalescence. We observe no correlation between SNP or microindel frequency and repeat density, gene density, or GC content, and therefore propose that these phenomena are a reflection of the time to coalescence between the two alleles in a given region, as has been observed for SNPs in humans (13) .
C. savignyi 's Extreme Heterozygosity Is Driven by a Large Effective
Population Size. We next sought to identify the underlying cause of the elevated heterozygosity in C. savignyi. Population het- erozygosity, , is a function of effective population size, N e , and mutation rate, : ϭ 4 N e (5) . Hence, extreme heterozygosity in C. savignyi could be caused by either a large population size or elevated mutation rates. Invoking roughly equally elevated mutation rates for multiple distinct types of polymorphism does not seem parsimonious, suggesting that a large population size may be the better explanation. We therefore estimated effective population size by using recombination rate estimates, relying on the relationship N e ϭ /4c ( is the population recombination parameter, representing the frequency of recombination events among sampled individuals since their most recent common ancestor; c is the per-site, per-generation recombination rate) (5) . We directly obtained a range of values for c by typing five large genomic regions in a genetic cross. The average value of c was of 5 ϫ 10 Ϫ8 , but all five values were used in our analyses to capture variation in recombination rates across the genome (see SI Text). was obtained with the aforementioned seven BAC sequences, which constitute a third allele, as follows: Using alignments of the BACs to the sequenced individual's allelic regions, we analyzed the lengths of SNP-based ''haplotype blocks,'' which are defined as runs of SNPs in which two chromosomes share one allele and the third has another (Fig.  3A) . A comparison between the observed block lengths and those calculated from an alignment in which the order of positions is randomized shows an excess of long blocks (Fig. 3A) , which is caused by linkage disequilibrium (14) . We then generated hypothetical block length distributions by simulation, using a range of values for N e (Fig. 3B ). We find that the C. savignyi haplotype block length distribution is most similar to simulated distributions generated at an N e of 1.5 million individuals ( Fig.  3C and SI Fig. 6) . A large population size does not preclude the possibility that an elevated mutation rate also contributes to the extreme heterozygosity. We calculate the point mutation rate to be 1.3 ϫ 10 Ϫ8 per generation per base by solving ϭ 4 N e using our estimates of N e ϭ 1.5 ϫ 10 6 and 4D ϭ 0.08. Alternatively, we calculate to be 7.6 ϫ 10 Ϫ9 per generation per base by setting to the genomewide SNP heterozygosity (0.045). Both estimates of are well within the range previously reported for vertebrate and invertebrate species (15) . We conclude that the extreme heterozygosity in C. savignyi is caused by a large effective population size and not an elevated mutation rate.
Evidence for Strong Purifying Selection in C. savignyi. The neutral theory (5) predicts highly efficient natural selection as a consequence of a large effective population size, as the efficacy of selection is determined by the selection coefficient, s, of a mutation, and the effective population size. Mutations are strongly selected against only if they reduce fitness by s Ͼ Ͼ 1/4 N e (16) . Hence, as effective population size increases, purifying selection should be able to remove alleles with smaller selection coefficients. Because of the large population size, the variation present in C. savignyi should therefore reflect stronger purifying selection than that seen in organisms with smaller effective population sizes. Testing whether these important predictions of the neutral theory hold, we performed analyses to quantify the strength of purifying selection in the C. savignyi population. We find a tantalizing footprint of efficient purifying selection in the length distribution of segments of perfect identity between the haplomes (Fig. 4A ). In the absence of selection, mutations would be distributed such that the frequency of identical segments decays exponentially as a function of length. By contrast, the C. savignyi genome exhibits a ''sawtooth'' pattern with a periodicity of three, wherein there are more segments of length 3N ϩ 2 than of length 3N or 3N ϩ 1, even though there is the expected general trend of shorter segments being more common than longer ones. As third position changes in codons that bound N nonpolymorphic codons yield an identical segment of length 3N ϩ 2, the sawtooth pattern is suggestive of purifying selection in coding regions. The pattern is lost just before 150 bp, the mean length of exons in C. intestinalis (3) .
To quantify rigorously the strength of purifying selection in coding regions we performed two analyses. First, from the available 207,310 polymorphic codons (SI Table 4 and SI Table  5 ) we calculated the ratio of the rate of nonsynonymous substitutions (p A ) to that of synonymous substitutions (p S ) to be 0.07. By contrast, the p A /p S ratio within humans, which have a much smaller effective population size, is higher at 0.23 (17) ; intermediate p A /p S values of 0.14 and 0.15 have been reported for zebrafish (ref. 18 ; no published population size estimate) and Drosophila melanogaster (19) , for which effective population size estimates range from 10 4 to 10 6 , with an intermediate value likely being realistic. Thus, as predicted by the neutral theory, C. savignyi, the species with the largest effective population size, exhibits a signature of the most efficient purifying selection among all species for which pertinent data are available.
Second, we examined the physicochemical characteristics of the amino acid changes that are caused by 30,895 nonsynony- 
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mous SNPs (SI Table 6 ). For each of the possible changes, we calculated the ratio of observed-to-expected frequency and found this ratio to be strongly anticorrelated with physicochemical distance (20) between the encoded amino acids (R 2 ϭ 0.37; Fig. 4B and SI Table 7 ). This result shows that SNPs that generate more dissimilar amino acids are, on average, subject to stronger purifying selection than those that generate similar amino acid variants. To our knowledge, this type of analysis has not been done before, and so we lack a comparison with other species. Nonetheless, the fact that more than one-third of the variance in heterozygosity of nonsynonymous SNPs can be explained by Grantham's values (20) , which combine two physicochemical properties and the atomic composition of the amino acids, is astounding. The remarkably low value of p A /p S and the strong anticorrelation between physicochemical distance and nonsynonymous SNP frequency underscores the effectiveness of purifying selection in the C. savignyi population.
A large effective population size should also result in highly efficient positive selection, provided that potentially advantageous variants segregate in the population. To address this possibility, we calculated p A /p S ratios across 28,489 highconfidence exons with known frame, where a p A /p S of Ͼ1 might indicate positive selection. This type of analysis is the only one we could perform, given that two alleles do not lend themselves to detection of selective sweeps or other signatures of positive selection. Only 17, or 0.06%, of analyzed exons had a p A /p S of Ͼ1, and similarity searches and manual examination of the relevant gene models allowed no conclusions as to a shared biological function. By contrast, Ͼ78% of exons had a p A /p S of Ͻ0.1. Notwithstanding our limited power to detect positive selection, this result further underscores the prevalence of purifying selection in the C. savignyi population.
Discussion
Our analysis of C. savignyi highlights a paradox of the neutral theory. Because of the sheer amount of polymorphism, populations with large sizes and high heterozygosity carry a large genetic burden despite the more efficient purifying selection. This idea is underscored by the fact that geneticists working with C. savignyi now exploit selfing of these hermaphroditic animals to recover deleterious recessive phenotypes at a high rate (21) (22) (23) . Although the extent of heterozygosity in C. savignyi is extreme by any metric, and in fact surpasses the amount of divergence seen between many species, we do not expect it to remain an outlier. A representative view of the genomic variation in natural populations has been obscured by the preponderance of inbred laboratory and agricultural strains in sequencing projects. As whole-genome sequencing continues to sample wild populations, a more balanced view of the variation segregating within them will emerge.
The strength of purifying selection acting on the extreme genomic variation in C. savignyi also underscores the apparent robustness of the cellular and developmental machinery of a species that contains such genomic variation, considering that a sufficient fraction of individuals in each generation must be viable and have the potential to reproduce. First, the ''average'' cellular machinery engaged in recombination, replication, and gene expression that is carried in the population must be able to function reliably upon the vast diversity of genomes; second, the population diversity in functional elements (regulatory elements, exons, etc.) that engage in physical interactions must not be so high that it results in too high a chance of deleterious synthetic (genetic) interactions. Given its wealth of easily ascertained polymorphism, C. savignyi provides an excellent natural laboratory for further exploration of the dynamics of variation in natural populations and the functional consequences of such variation.
Methods
Alignment and Haplome Assembly. The alignment pipeline applied to the initial assembly is described briefly in SI Text. The total length of the reconstructed haplomes is 323,246,196 bp plus 12,758,832 N contig break placeholders. The haplome assembly consists of 374 pairs of allelic sequence, arbitrarily labeled A and B; LAGAN (24) alignments of all pairs are available at http:// mendel.stanford.edu/SidowLab/Ciona.html.
Inversion Identification. Nineteen of the inversions, which cover Ϸ1.2% of bases in the genome, were identified in our alignment pipeline, manually examined, and reoriented in the final alignment. These regions were excluded from subsequent automated inversion calling, as were 12 allelic sequence pairs that contained large palindromic low complexity regions. Additional smaller inversions were called automatically with SLAGAN (25) . A subset of inversion breakpoints was experimentally verified in a previous study (8) . We estimated a 2.1% human-baboon inversion rate from 28 Mb of alignments of all ENCODE (26) target regions; 113 inversions were found, which contained a total of 588 kb.
Indel and SNP Identification. Indels were parsed directly from the haplome alignment by counting the number and size of alignment gaps in regions that did not contain or border assembly breaks. SNPs were identified only in aligned positions that passed a strict alignment quality filter (SI Text). Nucleotide diversity in 4D sites was calculated from alanine, glycine, proline, threonine, serine (TCN codons only), and valine codons by dividing the number of codons with a synonymous substitution by the total number of identical or synonymous instances of that amino acid.
Repeat Identification. Repeats were identified with RepeatMasker (http://repeatmasker.org) using a de novo repeat library constructed by the RECON (27) program and hand-curated to remove multicopy genes, tRNA, and rRNA elements (SI Text). The library is available at http://mendel.stanford.edu/SidowLab/ Ciona.html.
Estimation of Per-Site Recombination
Rate. An estimate for the per-generation per-site recombination rate was obtained by typing 92 meioses of an outbred cross in five distinct regions of the C. savignyi genome totaling 4.6 Mb, or 2.6% of the genome. Markers were spaced approximately every 200 kb across the five regions, which ranged in length from 572 kb to 1.1 Mb. The average physical distance per map unit was Ϸ250 kb/cM and ranged from 130 to 550 kb/cM across the five regions.
Calculating the Population Recombination Parameter . Most available methods of calculating were written for typical SNP data sets that are comprised of many alleles at discontinuous, short loci. All such methods we tried failed to produce an estimate of from our data, which was comprised of only three alleles but contained complete sequence over a large region. We therefore estimated by comparing the length distribution of observed and simulated haplotype blocks of concordant SNPs. The MS program (28) was used to simulate 1,000 independent replicates of three sequences with ϭ 0.045 at a succession of values of corresponding to values of N e ranging from 100,000 to 20 million. Similarity between the observed and simulated distributions was calculated as the sum of the absolute value of the difference in frequency at each block length. Block lengths of Ͼ20 were condensed into one category. Further details are available in SI Text.
Identification of Coding Variants. Coding regions and exons were identified by homology to the C. intestinalis v2.0 gene set (http://genome.jgi-psf.org/Cioin2 and SI Text). Counts of all aligned codons and amino acids are provided in SI Table 5 and SI Table 6 . p A /p S was estimated from a concatenation of all annotated codons by using CODEML (29) with the F3 ϫ 4 codon frequency model; p A ϭ 0.0059 and p S ϭ 0.0825. Physicochemical distance between amino acids was measured with the Grantham matrix (20), a composite metric of volume, polarity, and atomic composition. Expected frequencies of polymorphic amino acid pairs were normalized to account for codon frequency and the difference in the rate of transitions and transversions. A total of 4,678 amino acid polymorphisms that are the result of more than one nucleotide change were not included in this analysis, but are recorded in SI Table 6 . For detection of potential positive selection on exons, 28,489 exons that exhibited more than three silent changes between the two alleles (from a total of 52,372 exons identified by homology to C. intestinalis) were analyzed for their p A /p S ratios.
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